. The creation of a rotational motion of the fluid by the first row of blades, expressed as a swirl component in the flow, is responsible for the energy lost in the fluid due to the torque of the propeller. The rotational motion does not result in any useful propulsive power but a decrease in propulsive efficiency. By recovering this contribution with the second row of blades, extra thrust can be produced with a direct benefit on the propulsive efficiency. As illustrated by a technology-demonstration aircraft produced by Lockheed-Georgia, an 8% fuel saving and a 2.5% direct operating cost reduction were estimated for CROR engines compared with equivalent-technologylevel turbofan engines [7] . By splitting the loading between two sets of blades, CROR exhibits a smaller radius than a single-rotation propeller with the same power loading, which makes it more appropriate for high-speed applications. Moreover, CROR configurations typically entail advantageous solutions for stability and control, including a considerable reduction of torque and gyroscopic loads, and enhanced aircraft flutter stability [2] . However, some inherent flaws of the CROR concept impose a restriction for broader application of this type of engine. Examples are the high weight of the propulsion system due to the complex gear system required for obtaining the contra rotation [8, 9] , together with additional interaction noise caused by the contra-rotating stage [10, 11] .
The swirl recovery can also be achieved by locating a set of stationary vanes behind a single-rotation propeller. This approach, where the blades of the second row are referred to as swirl-recovery vanes (SRVs), was proposed by NASA in the late 1980s [12] . As part of the Advanced Turboprop Project, SRVs were designed and tested at transonic cruise conditions. Experimental data showed an extra thrust of 2% at the design condition of the system [13] , while no additional noise was observed [14] . Despite these promising results, the research on SRVs was stopped when the energy crisis ended in the 1990s.
Recently, the SRV concept was reintroduced by research groups at Delft University of Technology and Northwestern Polytechnical University. In the numerical SRV design process performed by Wang et al. [15] and Stokkermans et al. [16] , the vane shape was parameterized and optimized. In both studies, a gradient-based optimization routine was coupled with an SRV analysis tool. In particular, a RANS-based simulation was used by Wang et al. [15] and lifting-line theory was applied by Stokkermans et al. [16] .
The optimization results have shown extra thrust of the order of 2-5% from SRVs at relatively high propeller-loading conditions (C T;P 0.45-0.55). The unsteady interaction between the propeller and the SRVs was analyzed by Li et al. [17] , and the main source of unsteadiness on the vanes was shown to be due to the rotor tip vortices. In the wind-tunnel tests conducted at DNW-LLF [18] , particle-imagevelocimetry (PIV) measurements confirmed a positive swirl recovery by the vanes, whereas a numerical study of the same configuration predicted an efficiency gain of 0.7%. In the same study, the tonal sound pressure levels were shown to be increased by 2-6 dB compared with the isolated propeller, even though the vanes were cropped to reduce vortexinteraction noise.
Despite previous focus on the understanding of the swirl-recovery mechanism, procedures for the parametric design of SRVs are not well developed. In the design work mentioned above, the design problem was set up by combining a blade analysis tool with an optimization routine. However, the results of optimization routines are susceptible to the definition of the initial point. Furthermore, a global optimum design can typically not be guaranteed, but only assumed after performing a series of optimizations with different initial design or by using a global optimization algorithm. Both approaches will lead to an increase in computational time [19] , thus making them unsuitable for parametric design of SRVs. However, a variational design approach can be used to overcome these drawbacks. In this approach, as described by Hildebrand [20] , an auxiliary function is formed, which includes both the objective function and the constraints multiplied by a Lagrange multiplier. By setting the partial derivatives of the auxiliary function to the design variables to zero, the objective function is minimized while respecting the constraints. As a result, the optimum is obtained without applying a dedicated optimization routine, thus reducing computational time. Such a method has been applied by Coney to design marine propellers with the optimum circulation distribution [21] . This approach can also be applied to the design of SRV by considering a radially nonuniform inflow condition, and it is appropriate for parametric study because the geometric details are not necessarily needed at the initial design stage. This paper develops a hybrid framework for SRV design following a variational approach based on the optimum circulation distribution on the SRVs, which allows for a fast computation and optimization of the final vane shape. Before the design procedure, the flow around the isolated propeller is simulated by a RANS-based solver and given as input to the SRV design tool. The model is coupled with a low-fidelity lifting-line code to produce a relatively good prediction of blade forces, while maintaining the efficiency and feasible turn-around times for quick convergence of the optimal blade parameters. To allow for a subsequent validation of the design method, a set of SRVs was designed for a six-bladed propeller and tested in a low-speed wind tunnel. The measured propulsive performance of the SRVs is compared with the numerical predictions. The computed velocity profiles downstream of the propeller with and without SRVs installed are further validated by PIV measurements.
II. Design of the SRVs

A. SRV Design Procedure
The SRV design procedure was simplified into three steps as shown in Fig. 1 . At the beginning of the procedure, the inflow conditions to the SRVs need to be determined. This can be done either experimentally by a wind-tunnel test, or numerically from a simulation of the isolated propeller as done in the current paper. In the second step, the optimal loading distribution on the SRVs is determined. The third step then constitutes an airfoil design routine to achieve the optimal loading distribution. The computational domain for the propeller calculation consisted of a cylinder extending about 10 times the propeller radius in all directions from the propeller-disk plane. This domain is larger than that was used in Ref. [22] , which was already shown to be able to guarantee that the flowfield around the propeller blades was not perturbed by the boundary conditions. The mesh was generated by combining two separate blocks as shown in Fig. 3 . For the cylindrical block surrounding the propeller (region I in Fig. 3a) , a structured mesh was generated using NUMECA® Autogrid. Because of the symmetry of the propeller, only one blade sector of 60 deg needed to be meshed. The boundary layers on the blade and hub were resolved using 25 layers of hexahedron elements. For the second mesh block, an unstructured mesh was generated in ANSYS® ICEM. To ensure an adequate resolution of the propeller slipstream at the position of the SRVs, smaller tetrahedral elements were arranged in a cylindrical area downstream of the propeller block (region II-1 in Fig. 3a) .
The inlet of the domain was modeled as a velocity inlet, with a turbulence intensity of 5%. Combined with a relatively high eddy viscosity ratio (the ratio between the turbulent viscosity and the molecular dynamic viscosity equals 10), this resulted in a turbulence level at the propeller plane equal to the level of 0.5% characteristic [23] of the wind tunnel used for the validation experiment (discussed in Sec. III.A). At the outlet of the domain, the average static pressure was prescribed to be equal to the undisturbed static pressure. The SRV fairing, which was required to house the instrumentation of the SRVs in the validation experiment, was modeled with a no-slip wall boundary condition. In contrast, the nacelle behind the SRV fairing, which extends further downstream to the outlet, was modeled as a free-slip wall to reduce the number of grid points. On the sides of the computational domain, periodic boundary conditions were specified. The conservation equations were solved based on a rotating reference frame, and an alternate rotation model was used for the advection term in the momentum equation.
The shear stress transport (SST) turbulence model, which gives good prediction of adverse pressure gradient flows (e.g., in the propeller studies of Refs. [24, 25] ), was used together with an automatic wall function. The simulation was performed at a freestream velocity of 29 m∕s, which was equal to the maximum value attainable in the wind tunnel used for the validation experiment. The corresponding Reynolds number based on freestream velocity and propeller diameter was 7.9 × 10 5 . A high loading condition of the propeller, which corresponds to a typical take-off setting, was chosen as the design point to compensate for the low freestream dynamic pressure, thus obtaining a measurable thrust on each vane. The selected operating point corresponded to a computed propeller thrust coefficient of 0.322.
A grid refinement study was carried out on three meshes: coarse (y 4, Z 1.05 million), medium (y 2, Z 1.68 million), and fine (y 1, Z 2.63 million). The propeller thrust coefficient is plotted in Fig. 4 with respect to the mesh size factor (Z −2∕3 ). As the mesh size reduces, the propeller thrust coefficient approaches an asymptotic value of C T;P 0.3233. This value was obtained by applying Richardson's rule [26] using the predictions of the medium and fine meshes, with a refinement ratio q 2 and order of convergence p 2.27.
To verify asymptotic convergence of the tested meshes, the grid convergence index (GCI) was determined for both the medium and fine meshes. A percentage of GCI fine;medium 0.14% was achieved with the fine mesh and GCI medium;coarse 0.69% with the medium mesh. When comparing these two values by:
the ratio is approximately one which indicates that the solutions are well within the asymptotic range of convergence. The radial distributions of the circumferentially-averaged axial velocity, V a , and tangential velocity, V t , are critical input information for the SRV design. The results obtained using the three meshes are compared in Fig. 5 . A survey plane was located at the SRV midchord position at 3.75c r downstream of the propeller. A maximum difference of 0.36 m∕s (1.2% of the freestream velocity) was observed for the tangential velocity when comparing the results obtained with the medium and the fine meshes. For the axial velocity, the maximum difference was 0.27 m∕s (0.9% of the freestream velocity), occurring in the blade tip region. The reason why the computed velocities from the coarse mesh differ more from the other two meshes is the larger element size in the slipstream. In the simulation with the coarse mesh, the blade tip vortex is more spread out compared with the results obtained with the medium and fine meshes, leading to a slower decay of both the axial and the tangential velocities toward the outer undisturbed flow.
The axial and tangential velocity distributions from the CFD simulation are taken directly as the inflow condition for the SRV design, based on the assumption that the upstream effect of the SRVs on the time-averaged propeller performance is negligible. This was confirmed by the propeller-loading measurements and the pressure measurement behind the propeller, as discussed later in Sec. III.D, and has also been shown in previous work [18] .
Determination of Optimal Circulation Distribution on the SRVs
The optimal circulation distribution on the SRVs was obtained with a model based on lifting-line theory as developed by Epps and Kimball [27] . In this theory, the N vanes are simplified into N lifting lines with equal angular spacing and identical loading. Sweep and lean are not included in the current design method. The wake model of the vanes consists of constant-pitch, constant-radius helical vortices, the direction of which is aligned with the total velocity V at the vane position including the induced velocities. The thrust of the SRVs comes from the axial component of the lift and drag acting on the vanes. The Kutta-Joukowski (K-J) theorem is applied to determine the local lift on each vane section. By applying the K-J theorem, two main assumptions are made: first, the radial component of the slipstream velocity is neglected such that the flow surrounding the vane is two-dimensional (2D) on each radial section; second, each 2D section has a uniformly distributed inflow of V . The thrust generated by the SRVs can then be expressed as:
with the subscript m indicating each radial segment of the SRV. To maximize the thrust, the partial derivative of T V with respect to the circulation distribution is then set to zero:
where the derivative is given by:
The partial derivatives of the induced tangential and axial velocities with respect to the circulation of the horseshoe vortex, called "induction factors," are computed based on the analytical equations derived by Wrench [28] for constant-pitch helical horseshoe vortices. Moreover, the sectional drag coefficient C d and the chord length c are prescribed with a constant distribution along the radius (C d 0.01 and c c r ). It was verified that both the magnitude and the form of the C d and c distributions have a negligible effect on the circulation distribution obtained by solving Eq. (3), as also found by Epps and Kimball [27] . Therefore, the three terms on the right hand side of Eq. (4) containing (C d ⋅ c) can be neglected and the vane optimization with respect to the drag component is performed in a separate subsequent step. In this way, a non-linear system of equations is formed which can be solved by Newton's method. In the optimization of the vane geometry, no feedback of the SRVs to the propeller is taken into account. Hence, in this formulation, {Γ, v a , v t } are taken as the vector of unknowns updated and solved by the Newton solver.
Airfoil Design of SRV Sections
Having determined the optimal circulation distribution using the lifting-line approach described above, the airfoil shape is designed and optimized to minimize the drag of the SRVs while maintaining the desired circulation distribution. On each vane section, with the constraint of the circulation magnitude, the drag term (C d ⋅ c) is set as the objective function to be minimized. Airfoil profiles may be considered as made up of thickness profile forms disposed about a mean line. As discussed in Ref. [29] , the airfoil thickness is of particular importance from a structural standpoint. The mean line form is also important because it determines some of the most important aerodynamic properties of the airfoil section, for example, the angle of zero lift, the pitching moment characteristics, and the stall behavior. To guarantee an airfoil design that complies with acceptable aerodynamics performance and structural characteristics, the airfoil geometry was parameterized using five variables: the maximum thickness t, chordwise position of maximum thickness t p , maximum camber h, chordwise position of maximum camber h p , and chord length c.
During the periodic interaction with the propeller blade wake, the velocity deficit in axial direction as well as the velocity increase in tangential direction leads to a sudden increase in angle of attack of the SRV section [17, 18] . This leads to strong periodic variations in angle of attack, making it important to have a large stall margin for the SRV airfoils. A robust optimization was used and two operating conditions were chosen: the design point at which the design lift coefficient is achieved and the stall angle of the profile (i.e., the angle of attack at maximum lift coefficient). Given a weight factor ω 1 for the drag term at stall and another weight factor ω 2 for the stall margin, the objective function F for the airfoil design is defined as:
where the subscript ini. denotes the initial status and opt. the optimized results. The weight factor ω 1 and ω 2 can be chosen based on the magnitude of the inflow angle variation of individual SRV sections. In this study, both were set to 0.5. A minimum relative thickness t∕c of 2% was taken as lowest limit for manufacturing. Initial cases were randomly sampled in the design space at the beginning of the optimization loop. A pattern search algorithm was used to perform the optimization, leading to fast convergence. The airfoil performance was determined with XFOIL [30] . The corresponding Reynolds number was calculated based on the local flow parameters, where the velocity term included both the inflow velocities and the induced velocities.
B. Parametric Study of Key SRV Design Parameters
The impact of the vane count and radius on the thrust production by the SRVs was studied by performing parametric studies in which both variables were varied systematically. For each variation, an optimized design was generated using the approach defined in Sec. II.A.
Optimal SRV Count
As discussed in Sec. II.A.2, the thrust produced by the SRVs is the result of the axial component of the lift and drag acting on them. It can be expected that by increasing the number of vanes, more residual swirl in the propeller slipstream can be recovered due to the increased solidity. The theoretical maximum in terms of thrust production can be found when the vane count goes to infinity. However, at the same time the drag of the SRVs also increases. Therefore, the optimal performance is obtained as a compromise between maximum swirl recovery and minimum drag on the SRVs. This tradeoff was investigated by computing the SRV performance as a function of the number of vanes, both with and without including the drag term in the computations. The propeller geometry and operating conditions were the same as introduced before, and the corresponding results are shown in Fig. 6a . Within the no-drag assumption, the thrust increases asymptotically with the vane count, from 2.5% of the propeller thrust with 2 vanes up to 5.9% with 128 vanes. The asymptotic value of the SRV thrust coefficient was estimated by Richardson extrapolation using the computed results for N 2, 16, and 128. With the refinement ratio q 8 and the order of convergence p 0.892, the asymptote of C T;V was estimated to be 6% of the propeller thrust. However, the total drag of the SRVs increases approximately linearly with the vane count. Therefore, the optimum number of vanes is obtained when the increment in thrust by addition of an extra vane is compensated by its own drag. As also shown in Fig. 6a , when taking into account the effects of drag, the optimal number of SRVs occurred at N 9, for which the predicted SRV thrust was 4.1% of the propeller thrust. Despite the identification of this optimum vane count, for the validation experiment, only four SRVs were used because of the limited space available in the SRV fairing for the instrumentation of the individual SRVs. It should be noted that the weight penalty resulting from the addition of SRVs is not considered, which should be included when performing the aircraft design equipped with propeller and SRVs.
Effect of SRV Cropping
The SRV performance discussed above was obtained under the hypothesis that the radius of the SRVs is the same as that of the propeller. However, as seen in earlier research on CRORs [10] , when the second blade row has the same radius as that of the first row, the tip vortices from the first rotor periodically impinge on the leading edge of the second rotor. The resulting unsteady loading leads to an elevated noise level as well as structural vibrations. Therefore, the characterization of the SRV performance as a function of the vane radius is important during the definition of the optimal SRV design, because with decreasing vane radius, less swirl can be recovered by the SRVs. The effect of the SRV radius on the thrust was studied by systematically varying the SRV radius for a fixed vane count of nine and without including the drag term. The results are depicted in Fig. 6b . When the radius is reduced to 0.95R, 97% of the thrust generated by the uncropped SRVs (R SRV R) is obtained. From this point onward, the thrust coefficient of the SRVs linearly decreases with reduction of the radius, down to 50% of the thrust of uncropped SRVs for the case of an SRV radius of 0.7 times the propeller radius. For the validation experiment, the SRV radius was kept equal to the propeller radius to maximize the thrust contribution of the SRVs, accepting the potential associated noise penalty. 
C. Design of SRVs for Validation Experiment
The design method outlined in Sec. II.A was applied to define the shape of the SRVs used for the validation experiment. As mentioned before, a vane count of four was selected, with an SRV radius equal to the radius of the propeller. The vanes were discretized into 20 lifting segments. The resulting optimal circulation distribution is shown in Fig. 7a , together with the distribution of the sectional pitch angle.
Following the steps shown in Fig. 1 , after having determined the optimal circulation distribution from the lifting-line method, the airfoil sections need to be designed to achieve minimum drag on the vanes. In the wind-tunnel test, the typical Reynolds number on the vane sections was on the order of 10 5 , at which serious deterioration of the lift and drag may occur due to the laminar separation bubbles [31, 32] . On the other hand, the inflow of the SRVs is highly turbulent because of the presence of the propeller upstream of it. In a tractorpropeller configuration, the boundary layer on the part of the wing immersed in the propeller slipstream alternates between laminar and turbulent states, due to the periodic perturbation caused by the passages of the viscous wakes of the propeller blades [33, 34] . The SRVs would experience a similar cyclic state change in the boundary layer, promoting transition on the vanes. Before the test, it was not known which of these two effects would dominate. Therefore, it was decided to use forced transition in the airfoil design process, assuming an instantaneous transition to turbulence without accounting for transition device drag. During the airfoil optimization, an optimum chordwise transition position of z∕c 0.6 was found to result in the most efficient suppression of the laminar separation bubble and thus minimum drag on the vane section at midradius. Therefore, this setting was implemented for all vane sections. The implications of this choice will be further discussed in Sec. III.C. Following the design procedure described in Sec. II.A.3, the vane planform was obtained by airfoil optimization performed in two steps. First, individual optimizations were performed to minimize drag at four representative sections: the root section (r∕R 0.32), the section at maximum circulation (r∕R 0.56), the tip section (r∕R 1.00), and the section between the point of maximum circulation and the tip (r∕R 0.78). The resulting optimized airfoil shapes at these sections were used as starting condition for the overall vane planform optimization, with the objective to minimize the total drag of the vane (thus also including the drag at the intermediate stations). The design parameters of the airfoils at the intermediate sections were obtained by interpolation with a piecewise cubic Hermite polynomial. The local angle of attack on each vane section was also determined during the airfoil design process. By adding the local angle of attack to the inflow angle obtained from the lifting-line analysis, the pitch angle was determined and the twist distribution was obtained.
The final geometry characteristics of the airfoils are depicted in Fig. 7b . The airfoils feature a forward maximum thickness position and a backward maximum camber position, which creates a negative pressure plateau on the front part on the suction side as shown in Fig. 8 . This front-loaded type of distribution tends to enhance the thrust production from the vanes because only the axial component of aerodynamic forces contributes to the SRV performance. The propeller was driven by a Tech Development Inc. 1999 pneumatic motor, and featured an integrated six-component rotating shaft balance (RSB) to measure the propeller forces and moments during operation. A detailed description of the RSB is provided in [35] . The RSB data were acquired at a sampling rate of 10 kHz, and subsequently phase-averaged based on a simultaneously recorded one-per-revolution trigger signal. In this paper, only the timeaveraged out-of-plane components of the propeller loading (thrust and torque) are discussed. The RSB measurements were taken for the configurations with and without the SRVs installed to assess the upstream effect of the SRVs on the propeller loading. The uncertainty of the RSB data was reduced by performing advance ratio sweeps five times for each configuration, after which curve fits were generated to model the thrust and torque response of the propeller as a function of the advance ratio.
III. Experimental Validation
A second measurement of the disk loading was obtained by taking single-point Pitot pressure measurements at 0.62c r behind the propeller at a radial position of 0.75R. The Pitot probe had an outer diameter of 2.5 mm and inner diameter of 1.3 mm. Analysis of the results obtained from the RANS simulation indicates that the maximum crossflow angle to the probe was less than 20 deg. As indicated in Ref. [36] , at such angles the measurement error remains within 1% of the dynamic pressure. Therefore, no corrections were applied for the misalignment of the Pitot probe with the local velocity direction. The pressure measurements were obtained by a Mensor® differential digital pressure gauge, with the ambient pressure outside the airstream taken as reference pressure. The sampling frequency was set to 10 Hz in order to obtain a statistically converged dataset by averaging over 15 s of measurement time.
A fairing was required to house the instrumentation and support structure of the SRVs. This fairing should be considered as an artifact of the test setup, which would not be present in a full-scale propeller-SRV configuration. The fairing had an outer radius of 63 mm (31% of propeller radius) and was mounted directly on the nacelle. A sliding system for each SRV was positioned inside the fairing, providing freedom to axial translation while constraining translation and rotation in the other five directions. The sliding system consisted of a steel track that was fixed to the fairing and two linear sliding units with two sets of linear ball bearings each. Each SRV was mounted on two sliding units; a load cell with maximum capacity of 20 N was installed on each track in front of the vane measuring the axial thrust per vane. The sampling frequency of the load-cell measurements was set at 50 kHz for a total measurement time of 15 s corresponding to about 1800 propeller revolutions at a propeller rotation frequency of 120 Hz at J 0.6. It should be noted that the nonzero adhesion force of unknown magnitude of the sliding system always needs to be exceeded whenever the vanes are producing either thrust or drag. In this respect, the load-cell readings corresponded to the net SRV thrust minus the adhesion force, thus indicating the lower bound of the thrust that the SRVs produced. Forced transition was achieved on the SRVs by implementing a zigzag strip on the suction side. The strips had a thickness of 0.2 mm and sweep angle of 90 deg, and were located at z∕c 0.5 to guarantee a successful transition at 60% of the vane chord. Tests were performed both with and without transition strips to verify whether there is a need for forced transition during the airfoil design step.
Measurements of the flowfield surrounding the SRVs were taken using stereoscopic particle image velocimetry. A Quantel® Evergreen Nd: YAG laser with a maximum pulse energy of 200 mJ was used to illuminate the particles, forming a laser sheet of about 2 mm thickness. Two LaVision Imager Pro LX cameras were used, with a resolution of 4870 × 3246 pixel and a pixel pitch of 7.4 μm∕pixel. A lens with focal length of 200 mm was used for the lower camera, while a larger focal length (300 mm) was adopted for the upper camera to compensate for the longer distance to the measurement plane (Fig. 9) . The field of view spanned around 225 × 150 mm, resulting in a digital resolution of 21.6 pixel∕mm. The measurement planes were located at 0.4c r upstream and downstream of the SRVs. A SAFEX® Twin Fog Double Power smoke generator was used to produce seeding particles with an average diameter of 1 μm. For each test case, a total number of 1000 statistically independent image pairs were acquired and the resulting vector fields were averaged such that the measurements represent the time-averaged flowfield. The final interrogation window size of 48 × 48 pixel with 75% overlap resulted in a spatial resolution of 0.55 mm.
B. Uncertainty Analysis of Experimental Measurements
The calibration uncertainty of the RSB data for the static out-ofplane components (which corresponds to the propeller thrust and torque) is smaller than 0.25% of full range [35] , that is, 0.875 and 0.075 N ⋅ m, respectively. With an assumption of linear uncertainty propagation, the uncertainties of thrust and torque coefficients are calculated to be 0.0019 and 0.00039 at an advance ratio J 0.6. This estimate does not include potential additional calibration errors due to rotational effects and bias errors during the measurements. The Pitot pressure measurement has an uncertainty of 1.5 Pa, corresponding to an uncertainty of the pressure coefficient of 0.0029 at a freestream velocity of 29 m∕s.
The rated accuracy of the load cell used to measure the SRV thrust is 0.1% of full range (0.02 N), resulting in an uncertainty of thrust coefficient of 4.2 × 10 −5 at an advance ratio J of 0.6. As mentioned in Sec. III.A, there are adhesion forces acting on the sliding units of the measurement system. These adhesion forces are proportional to the loading of the vanes. Considering the fact that the gravitational force of the vanes plays a different role for the vanes at different azimuthal positions (supporting or opposing the aerodynamic side force and torque), the adhesion forces on the vanes are different. Thus, the main uncertainty of the load-cell measurements comes from the uncertainty of the adhesion forces of the sliding units. The resulting uncertainty can be obtained by calculating the standard deviation of the thrust measured from different vanes, which will be presented when discussing the SRV performance.
The uncertainty quantification of PIV results was performed based on correlation statistics [37] . This method uses the differences between two interrogation windows. The calculated displacement field is used to map back the second image onto the first one. By calculating the position of the particle in each interrogation window, the residual disparity in the position of matching particles gives an estimate of the measurement uncertainty. The uncertainty of the instantaneous velocity components is 0.73 m∕s for the in-plane components and 0.85 m∕s for the out-ofplane component (approximately 3% of the freestream velocity). Because vector fields were averaged from the 1000 samples, the uncertainty of the time-averaged results is reduced after averaging.
C. Characterization of Propulsive Performance of the SRVs
The total thrust coefficient of the SRVs obtained from the load-cell measurements is depicted as a function of propeller advance ratio in Fig. 10 . It should be mentioned again that the experimental results only represent the minimum thrust generated by the SRVs, as discussed in Sec. III.A. The measured SRV thrust increased gradually from 1.5% of the propeller thrust at the low propeller loading condition of J 1.0 up to 2.6% of the propeller thrust at the highest loading condition of J 0.55. At the design condition of J 0.6, an SRV thrust of 2.6% of the propeller thrust was measured in the experiment for the SRVs with free transition, compared with 3.4% predicted by lifting-line theory. With transition strip installed, only 2.4% of the propeller thrust was produced at the design point. This could be the result of the added drag due to the tripping device. The absence of the performance penalty expected for the untripped configuration due to laminar separation could be due to the turbulent perturbations upstream of the vanes caused by the periodic passage of the propeller blade wakes, as discussed before in Sec. II.C. No evidence was found in the present experiments of the possible performance penalty through relaminarization and consequently the formation of a separation bubble on the SRVs, as reported by Renoud and Howard [34] for the nacelle of a propeller. The passage of turbulent segments on the vane's suction side may have stabilized the transitional and turbulent boundary layers and eliminated the possible laminar separation. Thus, the addition of the transition strip did not contribute to the attenuation of the total drag but only caused extra device drag.
It is an intrinsic characteristic of a propeller that the slipstream exhibits a strong but periodic unsteadiness, resulting from the passages of the blade wakes and tip vortices. Consequently, the propulsive performance of the SRVs demonstrates severe fluctuations corresponding to the periodic inflow conditions. As an example, the unsteadiness of C T;V at J 0.6 from one of the vanes without transition strip is shown in Fig. 11 within one propeller revolution. With the sampling frequency of the load cell at 50 kHz and propeller rotation frequency at 120 Hz, the measurements have a temporal resolution of 0.9 deg. At each propeller phase angle, results were phase-averaged over the 1800 samples, as shown as the solid line in Fig. 11 . Assuming the load cell reading at each propeller phase angle to have a normal distribution, the confidence interval with 95% confidence level would lie within 1.96 times the standard deviation around the mean value. This is depicted as the gray area in Fig. 11 . Six peaks are observed in the time-dependent thrust coefficient. These are the direct result of the periodic impingement of the wakes and tip vortices of the six propeller blades on the SRVs as discussed in Ref. [17] . In the wake of the propeller blade, the velocity deficit in axial direction as well as the velocity increase in tangential direction leads to a sudden increase in angle of attack and subsequently the lift and drag experienced by the downstream SRVs. As discussed previously, the thrust of the SRVs originates from the axial component of lift and drag exerted on the vanes. Therefore, the increment in magnitude of lift and drag leads to the increment in thrust. More important, the sectional inflow direction is tilted by the change of the velocity components. Given a certain radial position, with higher tangential velocity and lower axial velocity, the sectional lift is tilted into the axial direction and the sectional drag is tilted more into the normal direction, leading to an increase of the thrust component. In the end, the change in magnitude as well as direction of the sectional lift and drag leads to a spike in the thrust coefficient every time the propeller wake passes by an SRV.
D. Characterization of Propulsive Performance of the Propeller
The propulsive performance of the propeller was obtained from the RSB measurements, of which the results are shown in Fig. 12 . The propeller characteristics with and without the addition of the downstream SRVs are compared in the top part of the figure. Each symbol represents a data point and the overall trend was estimated by curve fitting with a fourth-order polynomial. In terms of the efficiency, the fitting curve was computed from those of C T and C Q following the definition of the propeller efficiency. The adjusted R-squares of all fits were greater than 0.9997, which indicates good fits of the data points. The fitting curves for the SRV on and off case almost coincide, which means that the upstream effect of SRVs is negligible. This confirms the assumption made in the design procedure, as discussed in Sec. II.A.1.
The propeller performance obtained from the numerical simulation of the propeller at J 0.6 is also shown in Fig. 12 . The numerical results are observed to have a good agreement with the experimental data. Compared with the thrust coefficient of 0.323 measured by the RSB at the design condition, a C T;P of 0.322 was estimated by the simulation, corresponding to a relative error of 0.3%.
Considering the combination of propeller and SRVs as a propulsion system, the performance was compared with that of the isolated propeller as shown in the bottom part of Fig. 12 . The black and blue columns, which represent the cases for the propeller with SRVs off and on, respectively, were taken from the fitting curves at each advance ratio. After adding the SRV thrust coefficient C T;V from Fig. 12a represents the thrust of the propulsion system. Because the vanes do not require any power input, the torque coefficient of the system was the same as that of the propeller (with SRVs installed), as shown in Fig. 12b . The resulting propulsive efficiency was then computed at each advance ratio, as depicted in Fig. 12c . A prevalent feature of the efficiency plot is that the system efficiency has improved at all advance ratios by installation of the SRVs. At the design condition of J 0.6, the propulsive efficiency increased from 0.581 to 0.596, while at J 0.7, the efficiency went up from 0.644 until 0.660, and at J 1.0, the efficiency improved from 0.767 to 0.779. However, as mentioned in Sec. II.B.1, these numbers do not account for the weight penalty resulting from the addition of SRVs. An aircraft design study would need to be performed to estimate the performance benefit at airplane level, which was considered out of the scope of the present paper.
The power exerted by the propeller on the air results in a rise in total temperature, total pressure, and angular momentum in the slipstream. Besides the shaft forces discussed above, the dynamic pressure behind the propeller is also indicative of the propeller loading. Therefore, measurements of the dynamic pressure were taken at 1.5c r behind the propeller at an advance ratio of J 0.6 and a radial coordinate of r∕R 0.75. The resulting pressure coefficient was 4.147 0.003 with SRVs installed and 4.157 0.001 without SRVs, corresponding to a change of only 0.24%. This once more confirms that the disturbance of the propeller inflow due to the presence of the SRVs is negligible, which can be explained from the relatively large spatial separation between the propeller and the SRVs, and the low loading and solidity of the vanes [18] .
E. Flowfield Description by PIV Measurements
The input velocities from the RANS simulation of the propeller were validated by PIV measurements on vertical planes positioned at 0.4c r upstream and downstream of the location of the SRVs, for the configuration without SRVs installed. Figure 13 compares the circumferentially averaged axial and tangential velocity profiles as measured during the experiment with the results obtained from the RANS simulation. The axial positions of the measurement planes are indicated by the red dashed lines. In the upstream plane, reasonable agreement is observed between computed and measured data, both in terms of the general shape of the velocity profile and the magnitude of the tangential and axial velocities. The maximum difference between the experimental and numerical results was 1.1 m∕s, corresponding to 3.8% of the freestream velocity. In the downstream plane, this observation also applies for the axial velocity, but in terms of the circumferential velocity a slightly larger difference is visible. This is attributed to the coarser mesh density in this plane, because the downstream plane is outside of the dense grid region arranged around the SRVs (Fig. 3) .
The PIV measurements also quantified the swirl recovery achieved by the SRVs, as shown in Fig. 14 . In the plane upstream of the SRVs, no obvious change was observed after installation of the SRVs. At this position, the flowfield can be affected only by the vanes due to potential-flow effects, but the plane was far enough away from the SRVs to make the changes to the flowfield insignificant. From this observation, it can also be expected that the installation of the SRVs has negligible influence on the propeller performance, which is consistent with the measurement data discussed in Sec. III.D. In the plane downstream of the SRVs, the swirl was reduced by installation of the SRVs, with the amount of swirl recovery increasing toward the nacelle. When integrated along the radius, 42% of the angular momentum was recovered by the SRVs.
IV. Conclusions
This paper has developed a hybrid framework for swirl-recovery vane (SRV) design based on a lifting-line model. The design procedure consists of three steps. First, the inflow velocities are prescribed, as obtained from a numerical simulation of the isolated propeller or from an experiment. Second, the optimum loading distribution of the SRVs is determined by lifting-line theory with the objective of maximum SRV thrust. Third, an airfoil design routine is performed to optimize the SRV airfoil sections and the planform geometry. The design method allows for a fast turnaround time and is thus suitable for system-level design and parameter studies.
As a test example, a set of SRVs was designed for a six-bladed propeller at a high propeller loading condition (C T;P 0.322) with a Reynolds number of 7.9 × 10 5 relative to the propeller diameter and freestream velocity of 29 m∕s. The flowfield around the propeller was simulated with a RANS solver, after which the resulting velocity fields in the propeller slipstream were used as input to the SRV design procedure. A parametric study was performed of the SRV performance as a function of the vane count and radius. It was concluded that the maximum SRV thrust could be obtained with a vane count of 9 and vane radius equal to that of the propeller. For this case, it was estimated that 4.1% of the propeller thrust could be produced by the SRVs.
To validate the design routine, an experiment was performed with a propeller and SRVs in a low-speed open-jet wind tunnel. Because of practical constraints, a vane count of four was chosen instead of the identified optimum of nine, and a new design was generated for this vane count. The thrust generated by the SRVs was measured with load cells mounted on sliding bearings. At the design point, the SRVs generated a thrust of 2.6% of that of the propeller, which is smaller compared with the prediction of 3.4% by the lifting-line method. Because the installation of the SRVs does not increase the required power input, this indicates the same amount of improvement in the system propulsive efficiency. The thrust coefficient of the SRVs showed an approximately linear relation with the propeller advance ratio, diminishing to 1.5% of the propeller thrust at a cruise condition of J 1.0.
The propeller performance was characterized by balance measurements. The measurements showed that the upstream effect of the SRVs on the propeller performance was negligible. Because the SRVs provided thrust at all the measured advance ratios (J 0.6 up to 1.0), and did not require any extra power input, the propulsive efficiency of the system (propeller SRVs) improved accordingly, for all flight phases considered.
